Invertebrate gap junctions are composed of proteins called innexins and eight innexin encoding loci have been identified in the now complete genome sequence of Drosophila melanogaster. The intercellular channels formed by these proteins are multimeric and previous studies have shown that, in a heterologous expression system, homo-and hetero-oligomeric channels can form, each combination possessing different gating characteristics. Here we demonstrate that the innexins exhibit complex overlapping expression patterns during oogenesis, embryogenesis, imaginal wing disc development and central nervous system development and show that only certain combinations of innexin oligomerization are possible in vivo. This work forms an essential basis for future studies of innexin interactions in Drosophila and outlines the potential extent of gap-junction involvement in development. q
Results and discussion
Gap junctions are clusters of intercellular channels that allow the direct passage of small ions and molecules from one cell to a neighbouring cell in a regulated fashion. They are present in all multicellular organisms and are involved in a range of processes that include electrical coupling, maintenance of homeostasis and the exchange of small ions and signalling molecules between cells (reviewed in Bruzzone et al., 1996) . Gap-junction channels are multimeric and each half channel (hemi-channel) is contributed by a different cell. A hemi-channel consists of a multimeric ring of proteins (six in vertebrates), each with four transmembrane domains and intracellular N-and C-termini. When two hemi-channels dock across the intercellular gap, a regulated pore linking the two cells' cytoplasms is created (Unger et al., 1999) . The channels are regulated by voltage and pH and can also be gated by phosphorylation (reviewed in Bruzzone et al., 1996) . In vertebrates, they are composed of members of the connexin family, 15 of which have been identified so far in rodents (Manthey et al., 1999) . In invertebrates, the components have been more recently identified as a family of proteins known as the innexins (Phelan et al., 1998a,b) .
In paired Xenopus oocytes the invertebrate innexins can, like vertebrate connexins, form either homomeric channels (entirely composed of one protein type), heteromeric channels (the hemi-channel contains more than one protein) or heterotypic channels (each hemi-channel has a different composition) (Phelan et al., 1998b; Landesman et al., 1999; Stebbings et al., 2000a; Todman et al., submitted) . Unlike vertebrate connexins, however, only a minority of the innexins studied so far form homomeric homotypic gapjunction channels. Most innexins, therefore, appear to participate in channels of mixed composition (reviewed in Phelan, 2000; Phelan and Starich, 2001) .
The completion of the Drosophila sequencing project (Adams et al., 2000) has enabled us to identify the eight innexin genes in this model organism. These genes encode at least 10 proteins, although the number may increase as alternative splice forms and their products are discovered.
Here we have performed a comprehensive mRNA expres-sion analysis of all the Drosophila innexins at a number of developmental stages, so that comparisons between these expression patterns can be made and a map of potential interactions established. Some of these data have already been published in abstract form (Stebbings et al., 2000b ).
A comparison of the innexin sequences
A line up of the encoded polypeptide sequences is given in Fig. 1 . Ogre (Watanabe and Kankel, 1990) , Inx2 (Prp33, Curtin et al., 1999; Stebbings et al., 2000a) , Inx3 (Stebbings et al., 2000a) , Inx4 (Todman et al., submitted) , Inx6 presented a partial sequence), Inx7 and Shaking-B (Crompton et al., 1995; Krishnan et al., 1995; Zhang et al., 1999) have been previously identified and characterized to varying degrees. Inx5 has not been mentioned in the literature prior to this study.
The strongest regions of homology are seen around the strictly conserved cysteines and in the transmembrane domains, whereas the C-terminus is the most variable region, both in length and composition. One notable difference between innexins and connexins is that the number of conserved cysteine residues in each extracellular loop is different (two and three per loop, respectively). Inx4 is the exception, with a third cysteine residue in each of the two extracellular loops that could mediate additional interactions, either within the protein, as is thought to be the role of the cysteine residues in the connexins, or with other components of the channel.
The distribution and organization of the Drosophila innexins is shown in Fig. 2 . Unlike most of the connexins, these genes all have the potential to be differentially spliced. However, only the shaking-B locus is known to produce multiple proteins as a result of alternative start site usage and differential splicing (Crompton et al., 1995) . Both spliced and unspliced inx2 transcripts have been described; the spliced form results in the use of an alternative 3 0 untranslated region and is more common in the embryo. However, since this intron is outside the coding region, the polypeptide product is the same in both cases Stebbings et al., 2000a) . Two different ogre transcriptional start sites are present in ESTs from the BDGP database and the intron-exon organization is complex, so more than one protein could be produced from this locus. Only one product, however, has been described so far in the literature (Watanabe and Kankel, 1990) . The putative evolutionary relationship between the Drosophila innexins, the two grasshopper innexins that have been identified so far, and two of the 25 Caenorhabditis elegans innexins (Fig. 3) suggests that the insect and worm innexin families probably arose from a single common ancestor early in the Ecdysozoan radiation. Grasshoppers and flies have enjoyed about 300 million years of independent evolution, and therefore ogre and inx2 must be the result of a duplication event before this. inx5 and inx6, which exhibit long first extracellular loops, are grouped together suggesting that this feature arose relatively recently and is unique to these two innexins.
1.2. In situ hybridization 1.2.1. Oogenesis
The group of follicle cells that migrate posteriorly over the nurse cells during stage 9 to come to lie in a ring around the anterior of the oocyte at stage 10 ( Fig. 4A-C ,G, arrowheads) express ogre, inx2, inx3 and inx7. Expression of inx2 and, in some instances, inx7 is detected in follicle cells at the anterior of the egg chamber prior to this migration event (Fig. 4B, vertical arrow) . Expression of ogre and inx3 is first detected shortly after, in the migrating cells. All but inx7 continue to be expressed until stage 11 in these cells. inx7 is expressed non-uniformly and at much lower levels than the other three genes and expression reduces to undetectable levels during stage 10B. At stage 10A, all four transcripts are detected in the follicle cells covering the oocyte and in scattered follicle cells that remain to cover the nurse cell region of the egg chamber and which never migrate. ogre, inx2 and, to a lesser extent, inx3 transcripts are also detected in the border cells (shown for ogre only, Fig. 4A, arrow) .
Later, during stage 11, ogre, inx2 and inx3 exhibit expression in another subset of follicle cells which lie over the dorsoanterior region of the oocyte, an area that is fated to give rise to the chorionic appendages, operculum and micropyle. inx2 is expressed in two curved rows of cells (Fig. 4B, stage 11 , arrow). At mid stage 11, ogre exhibits a very similar expression pattern to inx2 (Fig. 4A , stage 11, arrow) that develops later into two divided rings of expressing cells more akin to that of inx3 than inx2 (Fig. 4C, stage 11 , arrow). inx3 is expressed over the whole of this region with two circles of slightly lower expression where the appendages will form (Fig. 4B , stage 11, arrow).
The germ line (nurse cells and oocyte) expresses a different combination of innexins. Most notably, inx4 is expressed solely in these cells at high levels from early on in the germarium, when the cluster of germline cells flattens into a disc (Fig. 4D) . The transcripts continue to be found in the nurse cells and oocyte throughout oogenesis. inx2 was also detected in the germ line cells at moderate levels while the expression levels of ogre, inx3 and particularly inx7 are much lower. inx5, inx6 and all shaking-B transcripts could not be detected during oogenesis.
Dye coupling studies have shown that, during oogenesis, gap junctions are involved in mediating follicle cell-oocyte interactions. All main cell types in the developing egg chamber are coupled by gap junctions, and the characteristics of this coupling vary according to the types of cells involved Postlethwait, 1984, 1985; Bohrmann and Haas-Assenbaum, 1993) . Our expression data suggests that inx4 and inx2 could contribute to hemi-channels in germ line cells and ogre, inx2, inx3 and inx7 to those in the somatic follicle cells.
These expression patterns also indicate a new role for gap junction communication in the formation or function of structures at the anterior of the embryo during late oogenic stages. Expression patterns of ogre and inx2 mirror that of rhomboid, vein and argos, genes known to be important in the formation of the chorionic appendages (Wasserman and Freeman, 1998) . These genes are known to be components of a well-characterized EGF receptor signalling pathway responsible for patterning the egg's external features.
Embryogenesis
Some aspects of the embryonic expression patterns of shaking-B (Crompton et al., 1995) , inx2 and inx3 (Stebbings et al., 2000a,b) , ogre (Watanabe and Kankel, 1992) , and inx7 have already been described. We confirm and extend the expression data for these innexins and provide detailed expression data for the remaining family members.
As during oogenesis, ogre, inx2 and inx3 are expressed in very similar domains during embryogenesis. Zygotic expression of ogre, inx2 and inx3 commences in the cells forming around the periphery of the embryo during cellular blastoderm formation, with minor variations in expression ( Fig. 5A -C, stage 4/5). Of these three genes, only inx2 is detected prior to this stage (data not shown) but this maternal contribution appears to be minor compared to the level of zygotic transcription. The levels of expression of all three genes increase rapidly after cellularization and are maintained during the early stages of gastrulation. Like inx2 (Thompson et al., 1997) . Amino acids common to five or more of the innexins are shaded. Predicted transmembrane domains are boxed and the conserved cysteine residues in the two extracellular loops are also boxed. GenBank accession numbers are: Ogre, X61180; Inx2, AF172257; Inx3, AF172258; Inx4, AF271718; Inx5, AY057372; Inx6, AY057373; Inx7, AF137270; Shaking-B(lethal), S78495; Shaking-B(neural), L13306. BDGP gene symbols are as follows: ogre, CG3039; inx2, CG4590; inx3, CG1448; inx4, CG10125; inx5, CG7537; inx6, CG17063; inx7, CG2977; shaking-B, CG1321. and inx3 (Stebbings et al., 2000a) , ogre is expressed during embryogenesis along either side of the segmental borders. Expression of all three genes consolidates to a repeated series of stripes in the germ band from stage 11 and is detected at higher levels along the borders of each segment from stage 13 (Fig. 5A-C) . Interestingly, in the epidermis it appears that gap junctions with different selectivities are present within and between segmental compartments (Ruangvoravat and Lo, 1992; Warner and Lawrence, 1982; Blennerhassett and Caveney, 1984) . The differential expression of ogre, inx2 and inx3 across the segment, and the relative proportions of these three innexins, may affect the characteristics of the channels formed, resulting in the different coupling capabilities of epidermal cells.
Expression of ogre is somewhat lower than that of inx2 and inx3 in the hindgut (Fig. 5A-C) , but, like inx2, ogre is expressed strongly in the dorsal branch of the tracheal system (Fig. 5A ,B, stage 13, arrowheads). Some other differences in expression patterns are apparent. Only inx2 and inx3 are expressed in the cluster of cells around the spiracular opening (see Stebbings et al., 2000a) . There is, however, apparently unique expression of ogre in the salivary glands (Fig. 5A, stage 13 (VL), arrows) . Later, during Fig. 3 . Phylogenetic relationships between the innexin amino-acid sequences. This tree was constructed using a Neighbour Joining Tree, a distance matrix approach provided through the Clustal_X alignment interface, and displayed using Neighbour Joining Plot. The date were bootstrapped 1000 times to assess the robustness of the phylogeny. The confidence levels shown indicate reliable grouping. Branch lengths between the nodes and genes are drawn in proportion to the distance. The scale 0.05 represents the proportion of amino acids that are substituted. All 25 Caenorhabditis elegans innexins group outside the insect innexins (Phelan and Starich, 2001 ) and so two C. elegans innexins, Eat-5 and Unc-7, are included to root the tree. Sa, Schistocerca americana (grasshopper). Fig. 4 . Expression during oogenesis. mRNA in situ hybridization to ovaries using digoxigenin-labelled RNA probes. Composite ovarioles are shown for each innexin, representing a full range of oogenic stages. Anterior is to the left in all cases and the egg chambers shown are progressively more mature from left to right, commencing with the germarium where the germ line stem cells reside. The stage of the egg chamber (as defined by King, 1970 ) is given below some chambers where appropriate. Arrowheads in (A), (B), (C) and (G) indicate migrating follicle cells and the arrow in (A), stage 10A, points to a cluster of migrating border cells that are expressing ogre transcripts. inx2 expression detected in the anterior-most follicle cells of an early egg chamber is indicated by the small arrow in (B). In stage 11 chambers (A-C), the arrows indicate staining in follicle cells destined to form the chorionic appendages, operculum and micropyle. The arrow in (D) indicates the regions of the germarium where inx4 mRNA is first detected. The intensity of staining is not strictly comparable because of the large differences in expression levels between the innexins. The darkest stained images, however, do represent the most highly expressed genes.
stage 15, ogre mRNA is also detected in a few cells at each of the branch points of the dorsal trunk (Fig. 5A , stage 15 (D), arrowhead) and at low levels in the rows of cardioblasts as they meet (Fig. 5A , stage 15 (D), arrow). At stage 17 ogre transcripts are detected in cells to the dorsal side of the CNS and in projections from this region which may be exit glia (Fig. 5A, stage 17, arrow) . Neither inx2 nor inx3 transcripts are detected in the nervous system. Only one innexin, inx4, is ever detected in the embryonic germ line cells. As reported in Todman et al. (submitted) , maternally contributed transcripts are detected at high levels throughout the newly laid syncytial embryo. However, postcellularization, transcript levels are only sustained in the pole cells at the posterior of the embryo (Fig. 5D, stage 5) . Expression in these germ line cells is maintained throughout embryogenesis as the gonads are formed (Fig. 5D ). We detected little or no embryonic expression of inx5 or inx6.
inx7 transcripts are exclusively detected in the malphigian tubules and progenitors of the midgut from stage 11 onwards as germ band retraction commences (Fig. 5G ). In the three anterior sections of the midgut during stage 16 (Fig. 5G, stage 16, arrows) , only the scattered interstitial cell progenitors (ICPs) in section two of the gut and the clusters of adult progenitor cells stain. Expression in the most posterior section (Fig. 5G, stage 16, arrowhead) and, later, in the malphighian tubules, is uniform.
shaking-B(lethal) expression commences even later than inx7, at stage 12. It is expressed in the visceral mesoderm surrounding the gut (Fig. 5H, stage 13 (D) , arrow) and in other mesodermal tissues that will form the muscle (arrowhead) and heart (arrow) of the larvae (Fig. 5H, stage 14 (D) ) (Crompton et al., 1995) . The expression of the highly homologous shaking-B(neural) transcripts is very different. The probe used here detects two known neural transcripts of the shaking-B locus, shaking-B(neural) and shaking-B(N3) . These transcripts are primarily detected in the central (arrow) and peripheral (arrowhead) nervous system from stage 12 onwards (Fig. 5I, stage 17) . Recently, additional transcripts have been detected from the shaking-B locus so the patterns previously ascribed to shaking-B(lethal) and shaking-B(neural) may comprise patterns of expression from more than one transcript. We note that the shaking-B(N2) transcript described in Zhang et al. (1999) includes sequences that the BDGP has mapped to the second chromosome and therefore this putative mRNA sequence is likely to be an artefact.
Imaginal wing disc development
Dye-coupling experiments have detected gap junctions between the cells of the imaginal wing disc of Drosophila (Weir and Lo, 1984) . In this tissue, gap junctions have been implicated in the control of growth, as some imaginal disc overgrowth mutants show a relative reduction in the density of gap junctions (Jursnich et al., 1990) . It has been suggested that coupling between cells is not uniform across the disc but rather that there are several defined boundaries at which cells show a reduction in cell coupling (Weir and Lo, 1984) . Surprisingly we found that, although all innexin mRNAs are present in the wing imaginal discs, expression is not significantly modulated across discs as would be predicted from the data of Weir and Lo (1984) (Fig. 6) . Therefore, if communication compartments are formed, some post-transcriptional regulation of the innexins is implied.
Expression in the developing imaginal CNS
Innexins are expressed at very low levels or not at all in the CNS of newly formed white pupae. This expression increases until mid pupal stages and then reduces to a more restricted expression pattern in the adult CNS. Here we show their expression at around 50 h after pupal formation when all innexins except inx4 are expressed at high levels (Fig. 7) .
Three of the innexins, ogre, inx2 and inx3 show similar expression patterns in what are likely to be predominantly glial cells. The staining detected in the thoracic neuromeres between the neuropil and cortex is reminiscent of interstitial glia (Fig. 7A-C) . inx3 is generally expressed at much lower levels than ogre or inx2. Its expression, however, in the retina and lamina is stronger than elsewhere and this is maintained into adulthood. inx3 exhibits a unique distribution of transcripts in the early pupal brain. From the start of pupal formation there is expression in the optic groove, developing lamina (arrow) and in projections that reach into the central brain (arrowhead; Fig. 7D , 5 h APF). At this stage, other innexins are expressed much more generally across the CNS and multiple innexin transcripts are detected in every region except the abdominal neuromere.
inx5 and inx7 are expressed in very similar domains in the cortex (Fig. 7E,G) . inx6 is uniquely expressed in an outer layer of cells over the surface of the CNS (Fig.  7F) . shaking-B expression is unique in a number of respects. Since these data are presented elsewhere in detail (Crompton et al., 1995) , minimal data are presented here for the purpose of comparison with the other innexins, using a probe that detects all known shaking-B transcripts. Fifty hours APF is the time point at which shaking-B transcripts are most highly expressed and, because of the extensive, dense staining at this stage, some aspects of the expression pattern are not easy to distinguish. However, it can be seen in Fig. 7H that at 50 h APF, shaking-B transcripts are detected in numerous neuronal cell bodies in the cortex and in cells scattered over the surface of the CNS giving an expression pattern distinct to that of inx5, inx6 and inx7 (Fig. 7H) . It is known that the shaking-B locus encodes transcripts that are detected in neurons of the giant fibre system, which mediates the fly's escape response, including the cell bodies of the TTMns, PSIs, commissural interneurons and the giant fibres themselves. One of these transcripts, shaking-B(N3) is expressed in the giant fibre cell bodies throughout pupal stages and in the adult. A more comprehensive description of shaking-B expression is presented in Crompton et al. (1995) and Zhang et al. (1999) .
Expression in the retina
As in other tissues, ogre, inx2 and inx3 are expressed in very similar domains. Their mRNAs are detected in the secondary and tertiary pigment cells of the retina (Fig.  8D,E ; purple) around the edge of each ommatidia (Fig.  8A-C) . ogre and, at lower levels, inx2 transcripts are also detected in the primary pigment cells (Fig. 8D,E; green) . inx7 is expressed only in the primary pigment cells and, as Fig. 6 . Expression in the imaginal wing disc is uniform. Any apparent patterning is likely to be due to variations in cell density across the discs. mRNA in situ hybridization to late third-instar wing discs using digoxigenin-labelled RNA probes. Anterior is to the left and dorsal is up. The negative control was done using a sense inx2 probe and the positive control using a wingless probe. Expression levels are not directly comparable because the reaction was allowed to proceed until a good signal was produced with each probe. Expression levels are in the order ogre, inx2 . inx3, inx4, shaking-B . inx5, inx6, inx7. Fig. 7 . Expression in the developing CNS. mRNA in situ hybridization to the CNSs of pupae, 50 h after pupal formation (APF), using digoxigeninlabelled RNA probes. In addition, (D) shows expression of inx3 in a 5-h APF CNS to illustrate its unique staining pattern in the central brain (arrowhead) and developing lamina (arrow). In each case anterior is up. As in Figs. in ovarian follicle cells, the expression level is highly variable from cell to cell. inx6 is also expressed in these cells, and its transcripts are also detected in the four cone cells ( Fig. 8D,E ; blue) of each ommatidia. The only innexin transcripts to be clearly detected in the photoreceptor cells are the shaking-B(neural) products. They are expressed in photoreceptors R1-6 ( Fig. 8E,F ; red) but not in R7 or R8 giving a repeated horseshoe shaped staining pattern that is reflected about the equator (Fig. 8, M) . Note that the probe used here detects two known neural transcripts of the shaking-B locus, shaking-B(neural) and shaking-B(N3) . shaking-B(lethal) is expressed at very low levels and no distinctive pattern can be discerned. inx4 and inx5 are not expressed at clearly detectable levels. Although lamina cells are known to be coupled by gap junctions (Ribi, 1978; Shaw, 1984; Saint-Marie and Carlson, 1985; Shimohigashi and Meinertzhagen, 1998 ) the distinct expression domains of the six innexins described here imply that gap junctions also have an important role in the developing retina.
Predicting innexin channel composition
In ultrastructural and electrophysiological studies gap junctions have been detected in a number of Drosophila tissues (Tepass and Hartenstein, 1994; Ruangvoravat and Lo, 1992; Giorgi and Postlethwait, 1984; Samakovlis et al., 1996; Gho, 1994) . It would, however, take a prohibitive amount of time to test all possible functional combinations of innexins in paired Xenopus oocytes. Fortunately, expression data can predict potential interactions between members of this family and have informed several experiments. inx4 is the only innexin to be expressed in the germ line, and inx4-expressing cells are immediately adjacent to somatic cells expressing inx2. This suggests that these two innexins interact to form heterotypic gap junction channels, a hypothesis that has been confirmed by Todman et al. (submitted) . Because inx2 and inx3 expression domains partially overlap, Stebbings et al. (2000a) were prompted to investigate whether these innexins are able to co-operate to form gap junction channels. They showed that, as predicted, Inx2 and Inx3 form heteromeric channels in the Xenopus oocyte system and, probably in vivo. Table 1 gives a summary of the expression patterns of each innexin. We are currently assessing the biological significance of other potential innexin interactions.
Methods
ogre, inx2, inx3, inx4, and inx7 cDNAs were obtained from the Berkeley Drosophila EST libraries (HL01248, LD11362, LD17559, GM13027 and LP03927, respectively). inx5 and inx6 were identified in the Drosophila genome sequence databases by sequence homology searches. The inx5 cDNA was isolated from an adult male cDNA library donated by L. Kauvar using PCR (primers: 5 0 -GAAACTGTCCTCGA-
and the sequence was confirmed by comparison with the Drosophila genome sequence database. inx6 was obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) from adult male mRNA using primers flanking the coding region (primers: 5 0 -GTTATCCCAAACGAGCCA-
In situ hybridization was carried out essentially as in Stebbings et al. (2000a) and Todman et al. (submitted) , with the following modifications. Disc preparation: Late third instar larvae were dissected, turned inside out to expose the wing discs and fixed for 20 min in 4% formaldehyde in PBS. These were then washed 3 £ 5 min in PBT and transferred to methanol for storage at 220 8C. The carcasses were rehydrated through a methanol/PBT series of 7:3, 5:5, 3:7, and then fixed in 4% formaldehyde in PBS for 5 min. The preparations were washed 5 £ 5 min in PBT, incubated in 1:1 PBT/hybrix and then hybridized. CNS preparation: 50 h APF CNSs were dissected from timed pupae, and fixed for 1 h in pp 1 0:1% deoxycholic acid. After 6 £ 5-min washes in PBT, pre-hybridization and hybridization were performed at 55 8C. In all cases, both sense and anti-sense probes were applied to the tissues. 
